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We report a systematic control of the chirality of circular magnetic disks where dipole field coupling drives the functionality. Our approach involves the use of two rhomboid nanomagnets with predetermined magnetization directions to bias the circular disk. Magnetostatic interaction was observed to initiate the vortex nucleation with selective chirality (clockwise or counterclockwise) when an appropriate in-plane magnetic field was applied and then removed. We have used in-field magnetic force microscopy technique to directly probe the direction of the vortex core displacements, which are sensitive to its chirality. Experimental results are in good agreement with micromagnetic simulations. V C 2015 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4906142] Magnetic nanostructures are the building blocks for a wide range of non-volatile and energy efficient device technologies including magnetic quantum cellular automata (MQCA), 1,2 neuromorphic computation, 3 and high density memory. 4 Nanomagnets (NMs) also provide excellent experimental platform for studying fundamental magnetic phenomena in confined geometries. One of the most interesting nanomagnetic structures is a magnetic vortex, which is an inplane circulation of magnetization around a nanometer-scale central core with out-of-plane magnetization pointing either up or down. 5, 6 Circulation of the magnetization, known as vortex chirality (VC), also has two possible states depending on the sense of circulation: clockwise (CW) and counterclockwise (CCW). Magnetic vortex has shown promising applications in spin based devices such as non-volatile memory, 7 logic, 8 vortex based transistor, 9 and spin wave emitter. 10 Its potential for storing two units of information in a single cell lies in the fact that the polarities of the core and the VC states can be controlled independently. However, efficient and reliable switching of the core and chirality pose significant technological challenges. The core reversal has been achieved previously with electric or magnetic field pulses. 11, 12 However, the readout process for core is still a technological challenge.
Controlling chirality of the vortex is equally essential for realizing a vortex based multi-bit memory cell. Importantly, the VC can be easily readout in a conventional magnetoresistive method using a fixed reference VC. 7 Recently, Uhlir et al. predicted that the VC switching can be as fast as 0.5 ns for Permalloy disk with a wedge-like asymmetry. 13 Manipulations of VC in polygonal nanomagnets have been reported.
14 However, the control of VC in circular disks was only achieved by introducing geometrical asymmetry, 15 variation in the thickness, 13 spatial field distribution, 16 and coupled disks. 17 In this letter, we report a simple in-plane field driven control of vortex chirality in circular disks using dipole-coupled rhomboid NMs (R-NMs). The strategy for VC control depends on the magnetostatic interactions which lead to antiparallel orientation at remanence when initialized appropriately. In-field magnetic force microscopy (MFM) technique was employed to probe the chirality of the vortex. Experimental results were validated with micromagnetic simulations. Size and thickness dependence of vortex nucleation and annihilation in magnetization reversal have been discussed.
Arrays of polycrystalline Permalloy (Py) nanostructures were patterned on silicon dioxide substrate using high resolution electron beam lithography and lift-off techniques. Figs. 1(b) and 1(c), the elements are far apart so that there is no cross talk between them. Magnetic states at remanence and in fixed field were obtained with MFM technique using commercial CoCr coated low moment tip. Conventional lift mode was used for obtaining magnetic contrast at a constant height and the scanning parameters were optimized experimentally. In order to improve the contrast of the vortex core, we have numerically enhanced the core region after background subtraction of the raw MFM data. In-field MFM measurements were performed by using a permanent magnet and the field was adjusted by positioning the magnet at appropriate distance.
Micromagnetic simulations were performed by solving Landau Lifshitz Gilbert equation using three dimensional "Object Oriented Micromagnetic Framework" (OOMMF) software, a public-domain code developed at NIST. Rhomboid shaped nanomagnets were used to bias the circular disks for VC control, and its operation is shown in Fig. 2 . Because of the shape anisotropy, R-NMs have unique magnetization direction at remanence after saturating them along their geometrical short axes. 19 MFM images at remanence are shown in Fig. 2 (a) after applying an initialization field H I ¼ þ2000 Oe along þx direction. Alternate bright and dark contrasts indicate up or down in-plane magnetization directions. Figure 2(b) shows the micromagnetic mechanism of this operation with þH I and expected magnetization orientations. By comparing Fig. 2(a) and Fig. 2(b) , we observed welldefined magnetic ground states in the R-NMs from the MFM images. Relative orientation of the slanted edge with respect to the external field (H I ) determines the spin orientations at remanence. Magnetization tends to align along the magnetic easy axis at much higher field during field removal process, which makes them robust and suitable for biasing operation, as their magnetic configuration does not depend on their neighbors. This is also suitable for nanomagnetic logic devices where NMs are used for biasing operation. Reversing the initialization field can flip magnetic orientations in the R-NMs.
Probing chirality using MFM technique is based on the fact that the core of the vortex moves away from the geometric center in the presence of an applied field (H a ) as a consequence of Zeeman energy minimization. Importantly, the direction of core movement is sensitive to core chirality. 20 This phenomenon is shown in Fig. 2(c) , where the MFM image was taken in the presence of externally applied field H a % þ150 Oe. The core shifted downwards for the first disk and upwards for the other disk. We note that the cores have opposite polarities, which we do not control here. Chirality states can be explained from micromagnetic behavior, as shown in Fig. 2(d) , where the core moves upward for CCW and downward for CW chirality for þH a . It occurs by widening the region with magnetization along the field direction and narrowing the region with magnetization antiparallel to the applied field. With this fact, we can label CW chirality for the left disk and CCW chirality for the right disk in the MFM image, as shown in Fig. 2(c) . We note that the shifted cores in the experimental MFM image are not collinear with y-axis due to misalignment of H a from x-axis and it does not affect the mechanism. We also highlight here that the patterns were field initialized first to form the vortices prior to MFM measurements to avoid the effect of tip stray field. We rule out the possibilities of chirality switching by our low moment tip as the switching requires annihilation and subsequent nucleation of the vortex. It is noteworthy that the choice of the diameter for our disks was aimed to clearly image the displaced core of the vortex and determine the VC from that.
Vortex chirality control in an array of circular disks with two dipole-coupled R-NMs is experimentally demonstrated in Fig. 3 . MFM measurements were performed in the presence of H a (%þ150 Oe) as discussed before. The results will be best understood if we only track the direction of the core displacements, which are encircled for clarity. The array in Fig. 3 (a) was initialized with H I ¼ À2000 Oe ! 0. At remanence, the disk relaxes to a stable vortex configuration with the core at the center (not shown). The relative magnetization orientation of the two bias R-NMs was found to be opposite as predetermined by their geometries. The cores were found to move upward in the first row and downward for the second row. This implies CCW chirality for the first and CW chirality for the second row for the given direction of H a . It also indicates that magnetizations between the biasing RNMs and the central disk are antiparallel (see the arrows in Fig. 3(a) ). The similar behavior was observed in rest of the array. We expect the results to be opposite if H I is reversed (H I ¼ þ2000 Oe ! 0) as compared with Fig. 3(a) . This is demonstrated in Fig. 3(b) where rows 1 and 3 have CW chirality and rows 2 and 4 have CCW chirality. Single faulty operation is marked with a black dotted circle. We compared these results with a disk array without bias R-NMs for reference. The results are presented in Fig. 3 (c) after initializing with H I ¼ þ2000 Oe ! 0. The direction of the core shift was found to be random, which implies that the location of CW/ CCW chirality is unpredictable. Therefore, controlled occurrence of CW/CCW chirality is found in the presence of dipole-coupled R-NMs in Figs. 3(a) and 3(b) .
The data were reproduced several times upon reinitializing every time and then a statistical analysis was carried out on more than 100 structures. Faulty operation was found in almost 10% of the structures. In few occasions, we could not distinguish the core from the MFM contrasts. Similar studies made on reference disk sample without the R-NMs, showed that the VC distribution was random in the array and the occurrence of CW/CCW chirality had almost equal probability. This establishes the fact that our patterns does not suffer from any systematic asymmetry, which induces preferential sense of chirality as reported elsewhere. 21 These observations confirm the reliable and robust operation of these nanostructures after taking into account the presence of fabrication defects and limitations of our VC probing method using MFM.
Figures 3(d) and 3(e) illustrate the micromagnetic mechanism of selective chirality stabilization in disks coupled to two R-NMs, as observed in Fig. 3(a) . We had chosen similar dimensions in simulation as in experiment. In simulation, both the structures were initialized in the following sequence: H I ¼ -2000 Oe ! 0 ! þ40 Oe ! 0. Saturated states are shown in step I. During the field removal process, R-NMs tend to orient to well-defined magnetic states at much higher field (À800 Oe), whereas in-homogeneous spin configuration in the disk was observed at H ¼ À100 Oe. In step II, magnetization distributions are shown with concave up for the disk in Fig. 3(d) and concave down for the disk in Fig. 3(e) . It is due to the attraction of opposite magnetic charges as a consequence of magnetostatic interactions with the R-NMs. The strength of the interactions were simulated and presented in Figs. 3(f)-3(i) . Distribution of the stray field from the R-NMs and the line scans clearly demonstrate the presence of the dipolar coupling. This mechanism nucleates a selective spin circulation in the disks which depends on the relative orientation of the adjacent R-NMs. Eventually, CW and CCW chiralities with shifted vortex cores were formed by reversing the field (þ40 Oe) to a small value (step III). Vortex retains its chirality state at remanence with the core at the center of the disk (step IV). Simulation results are consistent with the experimental observation in Fig. 3(a) . Interestingly, the observation of antiparallel magnetization alignment of the nearest neighbor nanomagnets (bias R-NM and disk) in our structures can be used to predict the chirality of the vortex. The results in Fig. 3(b) were also reproduced in simulation (not shown). We note that we reversed the field in simulation to obtain the vortex (step III) whereas this was not required in the experiment. This difference does not affect the interpretation of the mechanism explained here.
The comparison of magnetization reversal process via nucleation/annihilation of vortex between the disks with RNMs and without R-NMs is shown in Fig. 4(a) . The similar dimensions were used as in experiment. The field where a vortex state is formed (path 3) is labeled as H V . The field where a vortex state is annihilated and saturated with the external field (path 4) is labeled as H S . The difference in the vortex formation and saturation fields between the disk with and without R-NMs indicates the strength of the magnetostatic interaction due to the adjacent R-NMs.
Figures 4(b) and 4(c) present the dependence of these two critical fields on the size and the thickness of the samples. For thickness variation, we had chosen a disk of diameter 400 nm (Fig. 4(b) ) and for diameter variation 30 nm thick Permalloy was used (Fig. 4(c) ). In disks with R-NMs, vortex formation field (H V ) decreases from 20 Oe to À320 Oe with increasing thickness of the sample from 20 nm to 60 nm, and it has insignificant variation with the diameter of the disk. On the other hand, saturation field (H S ) strongly depends on both the thickness and size of the disk. With increasing thickness of the sample from 20 nm to 60 nm, H S increases from 580 Oe to 1040 Oe and for diameter variation in the range from 300 nm to1000 nm, H S decreases from 860 Oe to 520 Oe in disks with R-NMs. The corresponding values of the critical fields for a reference disk without R-NMs are shown as open symbols in Figs. 4(b) and 4(c). In general, both H V and H S have larger values in reference disks as compared to those of disks with R-NMs. This is attributed to the strong magnetostatic interactions in disks with R-NMs, which bias the disks locally in addition to the external field.
In summary, a simple in-plane field driven method to control of vortex chirality in sub-micron sized circular disks using dipole-coupled rhomboid nanomagnets is presented. Magnetostatic interactions between the nearest neighbor nanomagnets (bias R-NM and disk) initiate the vortex with selective chirality when an appropriate external field applied and then removed. Anti-parallel alignment of the disk with the R-NMs was observed, which can be used to predict the VC in our structures. Experimental results were found to be in good agreement with simulations. A wide range of operation of VC control had been shown by varying the size and the thickness of the samples. This method does not alter the geometry of the circular disk to control the chirality and can be fabricated using single step lithographic process. This approach of VC control will facilitate the development of vortex based devices for information processing. 
